Introduction
Sleep-related activation in interictal epileptic spiking is a common finding in a variety of epileptic syndromes. 1, 2 However, different epilepsy syndromes are accompanied by increased spiking related to different sleep stages or different EEG frequency components characterising sleep. 3, 4 Temporal lobe epilepsy (TLE) is associated with maximal spiking during deep NREM stages, in most patients. [5] [6] [7] Spectral analysis studies also found that TLE spiking is maximal during oscillations in the delta range present mainly during deep NREM stages. 8, 9 Nevertheless, both visually scored and Another point of interindividual variability concerns the spiking rate itself. Earlier it was suggested that the spiking rate does not directly relate to the severity of epilepsy or effectiveness of medical treatment. 10 However, a more recent study found that nonlesional TLE with rare spikes is less severe than with frequent spikes.
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The present study was designed to examine the role of different clinical factors on different spike measures related to sleep and wake states. It is known that the timing of the last seizure influences the actual spiking rate as well. 12 To avoid this confounding influence, in the present study we examined only those patients' EEG recording who did not have seizures during the night analysed or during the preceding 24 h.
Methods Subjects
The study included 38 medically intractable TLE patients (20 men and 18 women) who consecutively underwent long-term video-EEG monitoring. Our inclusion criteria were:
1. Complex-partial seizures, with an ictal onset confined to the temporal region 2. Definitive spikes over temporal regions 3. Absence of any extratemporal epileptogenic lesions 4. Absence of epileptic seizures during the night examined and during the preceding 24 h Diagnosis of TLE was based on ictal and interictal scalp EEG, high-resolution MRI, seizure semiology and history of illness. In eight patients, foramen ovale electrodes were also used. In these patients ictal onset region was confined to mesiotemporal structures. Patients' mean age was 38.7 AE 12.5 years. Mean age at epilepsy onset was 19.1 AE 13.1 years, epilepsy duration was 19.2 AE 13.3 years, and seizure frequency was 3.8 AE 4.8 seizure/month. Temporal MRI alteration ipsilateral to the ictal onset zone was present in 22 patients. Out of them 19 had hippocampal sclerosis (HS), three had temporal lesions, two had temporal polymicrogyria and one had temporal subependymal heterotopy.
To provoke seizures during monitoring, antiepileptic medication was gradually reduced in most cases. To avoid first night's effect, recordings for the present study were preferentially sampled from the second night spent in the monitoring unit.
EEG-polysomnography
Patients underwent long-term video-EEG monitoring, ranging from 1 to 7 days. Patients were monitored for >95% of each day. Usual scalp and inferior temporal electrodes were placed according to the 10-20 International System. Electrooculogram (EOG), electromyogram (EMG) and electrocardiogram (ECG) electrodes were also placed. All signals were sampled at 128 Hz and were cut-off filtered at 0.3 Hz. AD conversion was 12 bit. Evaluation occurred by using both bipolar and monopolar montages with vertex reference. Whole night recordings were scored following the conventional rules for sleep staging for 20-s epochs. 13 Spiking rates (number of spikes in a stage/time spent in that stage) were determined for at least 20 min samples of different sleep stages (NREM1, NREM2, NREM3,4 and REM). At least 30 min of wakefulness with eyes opened (WEO) and at least 20 min with eyes closed (WEC) were also sampled for the analysis. Spike counts were performed visually by the first author, blinded to the medical records of the patients. The following measures were also calculated for the analysis: mean spiking rates (mean of spiking rates determined for the six states), relative spike densities for each state (spiking rate in a state/mean spiking rate) and spiking stability across wake and sleep states. This latter measure was adopted from Rossi et al. 6 and was calculated as a ratio between mean spiking rate and its standard deviation.
Thirty-four patients exhibited solely unilateral spikes. In patients with bitemporal spikes, spike count was performed ipsilateral to the seizure onset area. If both temporal lobes generated seizures independently, spike count was performed for the temporal lobe exhibiting the higher spiking rates.
Clinical data
The following clinical data were investigated: age, age at epilepsy onset, epilepsy duration, usual seizure frequency, occurrence of secondarily generalised tonic-clonic (SGTC) seizures and the data on epileptogenic lesions based on high-resolution MRI scans. Data on seizure frequency pertain to the months preceding the video-EEG monitoring procedure and were based on patients' medical records.
Statistical methods
The statistical difference between spiking rates across different states was tested by t-test for dependent samples. For the analysis between spike measures and continuous clinical variables, a Pearson Product-Moment Correlation-test was carried out. Since the variables, age at onset and epilepsy duration showed a high correlation with each other, mutual partial correlations were introduced for these variables if a correlation was found to be significant.
As to MRI findings, the following categories were investigated: negative MRI, HS and other temporal structural alterations. These data were analysed by using one-way MANOVA and LSD-test for post hoc comparisons. To examine the effect of SGTC seizures on spike measures, one-way MANOVA was used. Partial correlations were used for significant effects revealed by MANOVA if a spike variable was found to be significant with either continuous clinical variable. Spiking rates during NREM3,4 were significantly higher than during WEO (p < 0.001), WEC (p < 0.005), NREM2 (p = 0.02) and REM (p = 0.003). Similarly, spiking rates during NREM2 significantly exceeded those during WEO (p = 0.002) and REM (p = 0.011). NREM1 spiking rates were also significantly higher than WEO spiking rates (p = 0.024) and REM spiking rates (p = 0.021). WEC spiking rates also exceeded WEO spiking rates (p = 0.042). Table 1 summarises correlation data with the variables of epilepsy duration and age at epilepsy onset. After controlling for the effect of age at epilepsy onset, WEO, NREM2, NREM3,4 ( Fig. 1) , mean spiking rates and spiking stability remained significant with the duration of epilepsy.
Results

Spiking rates and sleep stages
Correlation data Epilepsy duration
Age at epilepsy onset After controlling for the effect of epilepsy duration, only the relative spike density during NREM3,4 ( Fig. 2 ) remained significant with age at onset ( Table 1) .
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Z. Clemens et al. Age and seizure frequency Neither spike measure showed any significant correlation with age or seizure frequency.
SGTC seizures
One-way MANOVA revealed that spiking rates during REM (p = 0.049) and relative spike density during REM (p = 0.019) were significantly higher in patients with SGTC seizures. (Fig. 3) . Mean spiking rate during REM was 1.51 spike/min in patients with SGTC seizures and 0.25 spike/min in patients without SGTC seizures. Comparisons with other spike measures were not significant.
MRI data
As to MRI data, one-way MANOVA revealed a significant main effect for relative spike density during WEC (p = 0.016) and relative spike density during NREM3,4 (p = 0.039). Since relative spike density during NREM3,4 was shown to correlate with age at onset, we controlled this effect with partial correlation. This statistical control resulted in loss of significance. As to relative spike density during WEC, post hoc LSD-test revealed significant difference for negative MRI versus HS (p = 0.006) (Fig. 4) .
Discussion
The majority of our patients (65.8%) showed highest spike rates during NREM3,4. The spike activating propensity of different states can be ranked according to the following order: WEO < NREM2 < N-NREM3,4. The finding that most TLE patients show spiking rate maximum during NREM3,4 is in agreement with earlier TLE data. 5, 6 The existence of small patient groups with spiking maxima during states other than NREM3,4, that is, during WEO, WEC, NREM1 and NREM2 has also been prevously reported. Nevertheless, the small number of patients involved in the earlier studies did not allow any statistical evaluation as regards individual variability. As a result, the clinical importance and underlying mechanisms of this spiking behaviour has remained largely unknown.
To carry out a more detailed analysis on spike behaviour it was necessary to introduce new spike variables. Since there were great differences between patients regarding spiking rates, even durFactors affecting spiking in TLE 55 ing the same vigilance states, we had to introduce relative spike densities to investigate the distribution of spikes between different states. The measure of spiking stability was firstly introduced by Rossi et al. 6 for a few cases, but has not been used in a systematic study before.
Our data indicate that spiking rates during WEO, NREM2, NREM3,4 and mean spiking rates progressively increase with years spent with epilepsy. An earlier study reported that TLE patients with rare or absent spikes (oligospikers) have shorter duration of epilepsy and later age at onset when compared with control TLE patients. Since in that study, oligospiker and control TLE patients were age matched, it was impossible to distinguish the effects of these two factors. 11 It is worth noting that in our patient group, seizure frequency did not change significantly over years spent with epilepsy (data not shown), nor did it significantly correlate with spiking rates. Taken together, these data support the hypothesis that increased spiking rates are consequences of preceding seizures during years spent with epilepsy, but that they do not necessarily mean increased susceptibility to epileptic seizures. When comparing our findings on the spike inducing effect of seizures with that of earlier reports, we have to emphasise that earlier investigators reported largely on the acute effect of seizures.
12,14 Thus, they reported that spiking might increase even after a single seizure and spiking frequency might remain higher for a limited time period. In contrast, here we report a chronic increase of spiking rates, reflecting the duration of epilepsy in patients who were not postictal.
Spiking stability also increased with the duration of epilepsy. This can be stated by analogy with the results of Rossi et al. who found that the degree of local epileptogenicity might be an important factor in modulating local spiking. 6 We suggest that increased spiking stability in patients with longer duration of epilepsy might also result from increased epileptic autonomy and less sensitivity to sleeprelated modulation.
The second influencing factor was the age at epilepsy onset. This measure positively correlated with relative spike density during NREM3,4. In other words, patients with earlier epilepsy onset more frequently show atypical spike distribution patterns, i.e., smaller spiking rates during NREM3,4 when compared with other states. These patients most often show spiking maxima during states other than NREM3,4. We suggest that this phenomenon might be linked to age-related changes in neuronal epileptic plasticity. Since TLE most often starts during young adulthood or later, this fact might explain why the majority of TLE patients show spiking maxima during NREM3,4.
Our data indicate that the presence of SGTC seizures is associated with higher REM spiking rates and higher relative spike density during REM. Recently it was found that nonlesional TLE patients with rare spikes have SGTC seizures more infrequently, though the role of different vigilance states was not considered in this study. 11 Though we lack systematic data in this regard, there are indications that spiking rates during REM might be increased in patients with frequent grand mal nocturnal seizures. 15 A fourth influencing factor revealed by our study was the presence of HS. In patients with HS, relative spike density during WEC was on average 9.4 times higher when compared with patients with negative MRI. An earlier study indicated that spiking rate correlates with hippocampal cell loss, 16 and Rosati et al. 11 also reported that hippocampal atrophy was less common in oligospiker patients. However, the role of different vigilance states was not considered, nor were other clinical factors controlled in these studies. We also found that spiking rates during each state tended to be higher in the presence of HS, though this did not reach significance. We cannot explain the selective increase in relative WEC spike density in the presence of HS. Since only six patients had temporal MRI alteration other than HS, we could not address the issue of whether other specific temporal MRI alterations have a specific effect on spike measures.
Some earlier studies investigating the relationship between clinical data and interictal epileptic activity have reported different results. Drury and Beydoun 17 reported a link between interictal epileptic activity and increased seizure frequency, but failed to demonstrate such a relationship between interictal epileptic activity and the duration of epilepsy. Ajmone Marsan and Zivin 18 reported an inverse relationship between age and the occurrence of interictal paroxysms. It must be emphasised that both studies were based on a heterogeneous epileptic population. Given the fact that spiking strongly depends on the type of epilepsy syndrome, 3 these results might have been confounded by this factor.
Following the assessment of current literature we can conclude that possible influencing factors are numerous and their interrelationship with spiking properties is a complex one. Significant factors with a proven modulating effect are as follows: the type of the epilepsy syndrome 3 and the vigilance state. 19 Additional influencing factors demonstrated in TLE are the timing of previous seizures 20, 21 and the recording site/technique. 6, 22 This latter factor was proven to influence not only spiking rates, but distribution of spikes among different vigilance states as well. Our study provides evidence that the factors of epilepsy duration, age at epilepsy onset, the presence of SGTC seizures and the presence of HS might be added to the above list of influencing factors in TLE. Finally, we cannot rule out the possibility that further, yet unexplored factors may also influence some aspects of spiking.
We suggest that our findings have theoretical importance in understanding mechanisms underlying the generation of spikes and have clinical implications as well, insofar as they might indicate the presence of HS and SGCT seizures. We suggest that our study might also offer new avenues for further research, for example in lateralizing the seizure onset zone in patients with independent bitemporal spikes, or might be indicative of surgical outcome.
